Abstract-The physical integration of power electronics and electric machines to form integrated motor drives (IMDs) eliminates the need for special enclosures and connecting cables in order to achieve mass, volume, and cost savings. The objective of this paper is to examine the future of integrated motor drive technology by first reviewing the history of IMD products from the 1960s to today, highlighting both the reasons for their success as well the significant technical obstacles that they had to overcome. Special attention is directed to the application of IMD technology to electric vehicle traction motor drives during the past 15 years. A long-term vision for IMDs is presented that calls for embedding the drive electronics directly inside the machine enclosure. In keeping with this vision, wide-bandgap (WBG) power semiconductor switches (SiC and GaN) offer exciting prospects for shrinking the size of power converters and simplifying their cooling requirements. New concepts for applying this WBG technology to IMDs are introduced, including revived interest in PWM current-source inverters. In the concluding section, a variety of other promising technologies are introduced that will be critical to realizing the full potential of integrated motor drives.
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I. IntroductIon
T HE concept of combining an electric machine and power electronics into the same physical structure to form an integrated motor drive (IMD) is far from new. In fact, as discussed in this paper, precursors of today's integrated motor drives date back to the earliest days of solid-state power electronics, not long after the earliest generation of germanium and silicon power semiconductors appeared in the marketplace. Despite the significant number of IMDs that have been successfully commercialized since that time, integrated motor drives continue to occupy primarily niche applications that make up a small fraction of all of the applications served by conventional adjustable-speed motor drives. Fig. 1 highlights some of the physical differences between conventional and integrated motor drives, providing a convenient launch point for discussing the principal motivations that continue to inspire broad interest in IMD configurations as candidates for new applications. For conventional motor drives, all of the control and power electronics (referred to henceforth as the drive electronics) is packaged in a separate housing structure that is connected to the machine by electrical cables. This configuration allows the drive electronics to be mounted in a convenient location and environment that may be separated from the machine by distances ranging from <1 meter to much longer distances >1 km. Motivations for adopting the IMD configuration with the machine and drive electronics in the same enclosure include the following factors, not necessarily in prioritized order:
• Reduced mass: A number of motor drive applications such as those in aviation (e.g., actuators, pumps, compressors) place a very high premium on mass minimization, so that eliminating the need for a separate drive enclosure and connecting cables is highly desirable.
• Reduced volume: Although closely related to the mass reduction objective, some applications such as electric hand tools place a very high priority on minimizing volume, making structural integration increasingly important as the tool power ratings grow. • Higher efficiency: Many existing pump and fan drives continue to use fixed-speed, line-fed induction motors plus various forms of mechanical throttling to provide adjustable fluid and air flow rates. If these machines can be conveniently retrofitted with IMDs that fit into the same space as the machine without a separate drive enclosure, 
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• Lower cost: There are multiple potential paths to cost savings opened by IMDs. One of them is directly linked to the major system efficiency improvements described above that will significantly reduce the life cycle energy costs compared to fixed-speed operation, yielding cost savings that exceed the IMD's price premium. A second opportunity anticipates the day when the cost premium of the integrated power electronics needed in IMDs is exceeded by the cost of the eliminated enclosure and interconnecting cables in a conventional motor drive.
• Improved manufacturability: The opportunity to supply adjustable-speed motor drives packaged in a single assembly rather than two housings with interconnecting wire harnesses is very appealing to original equipment manufacturers (OEMs) of products such as automobiles and household appliances who are able to simplify their manufacturing process when installing the IMDs.
• Improved fault tolerance: As discussed in more detail later in this paper, the integrated motor drive concept lends itself to modular implementations and inverter topologies that hold promise for significantly improving the fault tolerance of the IMDs compared to conventional motor drives, particularly when PM synchronous machines are being used. Although it is highly unlikely that all of these motivating factors would ever be present for any specific application, subsets of these factors appear sufficiently frequently in real-world motor drive applications that IMD-based solutions have been proposed, implemented, and successfully commercialized in a variety of special applications during the past 50 years. This success is particularly noteworthy since the limitations of power electronics during this period have generally worked to the disadvantage of the IMD implementation. This observation raises hope that advances in power electronics technology that are either now being commercialized or approaching on the horizon (see Section V and VI) will significantly improve the attractiveness of future IMD-based products.
The objective of this paper is to present a vision for the future of integrated power electronics applied to machine drives by reviewing the past, present, and future trends in integrated motor drive technology. Early landmark developments in the history of IMDs are reviewed in Section II, while Section III is devoted to reviewing more recent IMD developments that have appeared in traction drives for hybrid-and battery-electric vehicles during the past fifteen years leading up to the present.
Transitioning from retrospective to prospective, Section IV is devoted to presenting a vision for the future of IMD technology and a discussion of key technical challenges. Technology advances affecting all aspects of the IMD drive electronics are addressed in Section V, including major technology trends that are destined to have an impact on several of these technical challenges. The expected impact of wide bandgap (WBG) power semiconductor technology on future IMDs is singled out for special attention. Progress towards developing the Integrated Modular Motor Drive (IMMD) concept is summarized along with a discussion of the potential benefits of adopting PWM current-source inverter topologies using WBG power switches in future integrated motor drives. Following a condensed review of some important technology developments that affect other components in the drive electronics, the paper concludes in Section VII with some final observations about the future of IMD technology, including the multi-disciplinary skills required of future power electronics and motor drive engineers in order to accelerate this development process.
II. mIlestones In Imd development hIstory
This section is devoted to reviewing some of the milestone developments that have resulted in production IMD equipment during the past 50+ years. A discussion of these noteworthy achievements serves to highlight both the motivations that inspired these integrated motor drives as well as the contemporaneous developments in power electronics technology that made these IMDs possible. These developments are presented in roughly chronological order in order to make it easier to identify the technology progression that made it technically feasible to develop more sophisticated IMDs as the years passed.
A. Automotive Alternators (1960)
The automotive alternator chosen for the first example actually does not qualify as an integrated motor drive, but it is included because it represents a critical precursor of the IMDs that follow in this section. More specifically, the power electronics consists of 6 (or more) diodes in an uncontrolled full-wave bridge configuration without any controlled power switches needed to synthesize variable-frequency ac voltage waveforms. The close linkage between automotive alternators and IMDs lies in the fact that these diode devices are mounted inside the alternator housing in close proximity to the Lundell claw-pole synchronous alternator (a) (b) Fig. 2 . Modern automotive alternator: (a) cutaway view; (b) 2 production rectifier units [1] .
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Claw-pole segment machine, exposing them to the elevated thermal and vibration conditions that accompany this mounting configuration. A cutaway view of a typical modern automotive alternator is provided in Fig. 2(a) and Fig. 2 (b) provides a view of two different production versions of the rectifier units [1] .
Chrysler installed the first production automotive alternators into their 1960 Valiant model, which occurred only approximately 5 years after silicon power diodes first became commercially available. Despite the early production state of these diode devices, they were packaged in metal cans that allowed them to operate reliably with case temperatures up to 160 °C. Today's silicon diode rectifier installed in automotive alternators have maximum operating case temperatures of 200 °C. The power ratings of these alternators have also increased substantially from less than 500 W in the 1960s to >1.5 kW today. The resulting thermal management challenges are significant, resulting in modern designs using either forced air or liquid cooling. The commercial success of these automotive alternators is truly impressive, with total cumulative production numbers that are conservatively estimated to be in the range of hundreds of millions [2] .
B. Electronically-Commutated Motor (ECM) Blower Fan Drive (1987)
One of the first major IMD products developed for residential use in Heating, Ventilating and Air Conditioning (HVAC) applications was the Electronically-Commutated Motor (ECM), first released as a product by GE in 1987 [3] . The ECM was designed for use in residential and light commercial HVAC products such as furnace blowers where they provided a means of improving overall furnace system efficiency and comfort by providing adjustable-speed air flow to the living spaces instead of conventional on-off thermostat-based control with a fixed-speed blower. The basic configuration of the ECM consists of a PM synchronous motor mounted in its own housing with two end bells, attached to a cylindrical shell having the same diameter as the motor housing that contains all of the drive electronics. Fig. 3 provides both a transparent view of the ECM in Fig. 3(a) , and a view of the ECM drive electronics in Fig. 3(b) [4] . ECM products were developed with several power ratings that fell in the range between 300 W and 1 kW.
As indicated in Fig. 3(a) , the ECM uses a surface PM machine with ferrite magnets. The machine stator incorporates concentrated windings that deliver trapezoidal back-emf waveforms so that the motor can be excited as a so-called brushless dc machine with six-step current waveforms. This configuration offers advantages for simplifying the control algorithm and sensor requirements, making it possible to use the zero-crossings of the back-emf voltage waveforms for rotor position sensing. Fig. 3 (b) reveals that the ECM was designed to use mostly discrete parts including 6 transistor switches (plus anti-parallel diodes) in individual TO-220 packages that are clamped to the side of the shell housing for air cooling.
Other competitors responded with their own versions of ECM blower drives that, in some cases, used induction machines instead of PM machines. Unfortunately, the ECM products were not immediately embraced by the HVAC industry due to a combination of factors including early reliability problems and an initial lack of receptiveness by HVAC equipment distributors and field repair staff. Eventually these problems were overcome, and ECM-class IMDs are now being widely accepted by the HVAC industry in North America in many of their products including air handlers, furnaces, heat pumps, air conditioners, and refrigeration equipment.
C. Submersible Water Pump (1999)
Grundfos, an international pump manufacturer with headquarters in Denmark, was responsible for another milestone in the history of IMD engineering when they developed and installed an integrated motor drive into one of their submersible water pump products that was introduced into the marketplace in 1999. Adoption of an adjustable-speed motor drive made it possible for Grundfos to deliver constant water pressure to the users in spite of changes in the water flow demand. Mounting the motor and the drive in the submersible pump unit underground made it possible to simplify the power cabling required in the well shaft while using the pumped water as a plentiful and effective coolant for the motor and the drive electronics [5] .
Developing the IMD for this application required it to be designed to fit in a cylindrical tube with a diameter of 7.6 cm (Fig. 4) . A high-speed surface PM synchronous motor was selected for this special application, and a "wet rotor" design was adopted that required the water to flow through the full length of the machine in the airgap, cooling both the stator and rotor in the process. A compact implementation of the drive electronics was achieved by means of a custom-designed (1 or 2.2 kW) hybrid integrated circuit that incorporated a threephase inverter, single-phase rectifier, and power factor correction stage. This hybrid circuit module was mounted on an arcshaped heat sink that adhered to the stainless steel pump casing tube, taking advantage of the cooling capacity of the pumped water that flowed over its surface. Although the IMD unit raised the cost of the unit, the constant-pressure capabilities that it provides have made it a success in the marketplace since it was first introduced in 1999.
D. High-Speed Chiller Compressor (2000)
In the early 2000s, a high-speed chiller compressor product was introduced into the HVAC marketplace that incorporated an integrated motor drive as a key component. The chiller unit was manufactured by Turbocor, an Australian company, and developed in partnership with CSIRO (Commonwealth Science and Industrial Research Organization), an agency supported by the Australian federal government. This product represents a significant milestone in the commercial/industrial refrigeration business because it demonstrated the ability to significantly shrink the chiller mass and volume by replacing a lower-speed (<5000 rpm) reciprocating, screw, or scroll compressor with a high-speed centrifugal compressor designed for operation at 48,000 rpm [6] .
A high-speed PM synchronous machine is mounted on the same shaft as the compressor (i.e., no gearbox) and the drive electronics is wrapped around the machine to form the IMD as shown in Fig. 5 . Air and water are used for cooling in different models of the chiller that are available with ratings up to 700 kW (200 ton cooling) from Danfoss Turbocor. Another innovative feature of this chiller is the use of magnetic bearings for suspension, giving the chiller the special distinction of being oil-free. In addition to the mass/volume reduction, the combination of centrifugal compressor and adjustable-speed capability makes it possible for these chillers to deliver significant improvements in their Coefficient of Performance (COP) values under partial-load conditions compared to conventional chillers using screw compressors.
E. Industrial-Grade Integrated Motor Drives (1990s to Today)
During the past 25 years, a number of manufacturers of conventional motor drives have developed integrated motor drive product lines intended for general-purpose industrial applications including pumps and fans/blowers that derive performance improvements and energy cost savings benefits from adjustable-speed operation. These units can vary significantly in shape and volume, but nearly all of them adopt a relatively conservative IMD configuration in which the drive electronics is mounted in an enclosure that is physically attached to the machine frame. As a result, the drive is easily visible as an appendage to the machine it is exciting (see Fig. 6 ). Advantages of this design approach include the fact that the drive electronics is isolated more completely from the thermal and vibrational challenges imposed by the machine compared to IMD designs in which the drive electronics is integrated inside the machine housing.
Since these IMD units are intended for use with conventional pumps and fans, induction machines are typically adopted for their designs with ratings from 0.5 to 10 kW, although product offerings using PM synchronous machines are also available. Combining the motor and drive into the same assembly is appealing to industrial customers who would like to retrofit existing fixed-speed pumps and blowers with adjustable-speed capabilities, without having to worry about finding separate wall or floor space for mounting a conventional stand-alone motor drive. Although these industrial IMD units have been available for many years, their commercial success has been rather limited when considered as a fraction of all industrial motor drives for pump and fan applications sold each year with ratings less than 10 kW. The reasons for their limited marketplace success are varied, but it is generally acknowledged that many potential customers are concerned that the drive electronics will fail long before the machine, making it necessary for customers to pay the higher cost of replacing both the machine and the drive whenever a drive failure occurs. While it can be argued that the justification for this concern is getting weaker each year as drive reliability continues to improve with time, it nevertheless highlights the fact that high temperature and vibration are almost always among the most difficult technical challenges faced by IMD designers. Stated differently, the act of purposely mounting the drive electronics in close physical proximity to the machine significantly aggravates the challenge of designing IMD products that can meet increasing customer expectations for higher reliability in the motor drives that they purchase.
F. Industrial Automation Servo Drives (2006)
Industrial automation servo drive applications offer an attractive opportunity for IMDs to demonstrate and capitalize on the special advantages that they can offer. Using the conventional approach, an automated manufacturing line with many servos has a separate drive unit for each servomotor, and these drive units are all mounted together in a cabinet, requiring a separate set of multi-phase electrical cables to connect each motor to its dedicated drive. However, if each servomotor is co-packaged with its drive electronics, then only dc power and the servo commands have to be distributed to each of these integrated servomotors. Since large numbers of servomotors can draw their dc power from the same bus in a "daisy-chain" configuration ( Fig. 7(a) ), the reduction in required cabling between the controller cabinet and all of the servomotors can be significantly reduced, saving cabling cost, mass, and volume, as well as valuable installation time and cost. This opportunity makes the IMD approach particularly attractive and cost-effective for manufacturing automation applications [9] .
In 2007, Bosch Rexroth introduced their IndraDrive Mi product line that integrates high-performance PM synchronous servo machines with their drive electronics into compact IMD configurations ( Fig. 7(b) ). Although the servomotor and the drive electronics are actually separate units, they have been designed for convenient interconnection into a tightly packaged configuration. While the motor itself can be cooled by natural convection, forced air ventilation, or liquid, depending on the model selection, the drive electronics unit is mounted on one of four axial surfaces of the machine frame that serves as the heat sink for dissipating the power converter losses. The IndraDrive power electronics is capable of delivering peak output power values up to approx. 12 kW. The IndraDrive servo product line has been sufficiently successful that it has motivated competing servo manufacturers to develop their own IMD-based servo drives.
G. Hand Dryer Air Blower (2013)
The final IMD-based commercial product highlighted in this section is the Airblade Tap hand dryer developed by Dyson Ltd and first introduced in 2013 ( Fig. 8(a) ). At the heart of the powerful air blower is a 1.6 kW high-speed surface PM synchronous machine that spins at 100,000 rpm, resulting in a very compact integrated air blower unit including the motor, drive electronics, and blower impeller that fits inside an 85 mm diameter cylindrical shell (Figs. 8b and 8c). The single-phase H-bridge inverter used to excite this machine is built on a printed circuit board mounted immediately below the machine to form an IMD. The blower unit is designed to accelerate the impeller from 0 to 90,000 rpm within 0.7 sec, and deliver an airflow speed of 717 km/h during full-speed operation at 100,000 rpm [10] .
While the high speed and resulting high power density of this air blower IMD gives it some unique performance characteristics, several of its basic layout and construction features are similar to those found in other IMDs developed for use in a variety of other residential and commercial applianc- es. For example, many types of refrigeration units require circulating fans with low power ratings < 0.75 kW that are appealing candidates for IMD implementations. Packaging the drive electronics in the same enclosure as the motor and blower enables major suppliers to sell integrated blowers to large appliance original equipment manufacturers (OEMs) that can be easily and quickly installed as single units during the appliance manufacturing process, rather than as separate motor and drive units connected by an electrical cable. This is a trend that is likely to continue growing during coming years in a variety of manufactured goods including hand tools and automotive accessories in addition to appliances.
III. revIeW of Imd developments for AutomotIve trActIon drIves
One of the application areas that has actively motivated the development of several new integrated motor drive concepts at high power levels >25 kW during recent years has been traction motor drives used in the powertrains of hybridand battery-electric automobiles. This section is devoted to reviewing several of the most noteworthy IMD technology developments for the powertrains of on-road electrified vehicles during the past 15 years that help to highlight both the motivating factors for IMD adoption as well as the likely directions for future IMD technology development.
A. Merging of Powertrain Hardware with Drive Electronics
When it was introduced in the late 1990s, the Toyota Prius adopted a configuration that mounted all of the hybrid powertrain control electronics into a dedicated enclosure that is separated from the engine, two PM machines, and planetary gear assembly that comprise their power-split powertrain architecture, as shown in Fig. 9 (a). This required large electrical power cables and heavy-duty connectors to link these two assemblies that are very apparent in Fig. 9 (a), resulting in a negative impact on both the powertrain cost and reliability.
Ford Motor Co. worked with Aisin Seiki, a major Japanese automotive supplier partly owned by the Toyota group, to develop the powertrain transaxle for the 2004 Ford Hybrid Escape that used the same basic power-split architecture as the Prius. However, the enclosure for the powertrain control electronics was combined with the housing for the rest of the powertrain hardware to form a single merged transaxle assembly, as shown in Fig. 9 (b). The inverters for the two interior PM machines have a combined peak power rating of 115 kW. The power electronics is cooled by water and the two machines are cooled by automatic transmission fluid (ATF), with a heat exchanger between the two coolant fluids integrated into the transaxle assembly. Rubber vibration isolators were used to help protect the powertrain control electronics from excessive engine vibration [12] .
Advantages of the merged transaxle design include elimination of the external power cables and connectors that were required in the Prius configuration discussed above. The merged transaxle configuration used in the Ford Hy- brid Escape was sufficiently successful that the same basic configuration was adopted again in the Ford Hybrid Fusion introduced four years later in 2008. In more recent years, this trend towards merging the powertrain hardware and electronics into the same assembly enclosure has been occurring in other electrified vehicles as well. One documented example of this evolution is the development of the second-generation powertrain for the Nissan Leaf battery-electric vehicle. Like the Toyota Prius, the first-generation Leaf introduced in 2011 used separate enclosures for the powertrain hardware and electronics, connected by an external power cable. The second-generation Leaf powertrain introduced two years later in 2013 merged the two enclosures together to eliminate the external cable, as shown in Fig. 10 . Nissan engineers have described that an additional advantage of this re-design was a net reduction in the total electric powertrain mass by >10% [13] .
Another example of current trends in the evolution of electric powertrain designs towards IMD architectures is the Tesla Model S powertrain that was first introduced in 2012. The powertrain for the Model S battery-electric vehicles ( Fig.11(a) ) was developed as a rear-wheel-drive transaxle assembly consisting of two cylindrical housings with almost the same diameter and length, one for the induction machine and the other for the inverter, with the geartrain assembly sandwiched between them. The motor and inverter are both rated for 325 kW peak power.
B. In-Wheel Traction Motor Drive (2006)
A more aggressive approach to applying IMD principles has been taken by engineers at Protean Electric in the process of developing an in-wheel motor traction drive. The in-wheel traction architecture differs significantly from that of electric vehicles currently in production because the traction motor is mounted directly inside the wheel hub so that it directly delivers its torque and power to the wheel without needing any transaxle shaft or gearbox. Although the idea of in-wheel traction drives is not new, Protean has been among the most active companies during the past several years developing engineered prototype traction drives that it has used to attract partners/customers for vehicle production opportunities. Fig. 12 provides rendered drawings of the Protean inwheel traction drive, including both a cutaway view and an exploded view of their in-wheel drive unit. The unit uses an inside-out surface PM machine with the rotor magnets mounted along the inner circumference of the hub on which the vehicle's wheel is mounted. The Protean in-wheel motor is capable of delivering 1000 Nm of torque and 75 kW of power to the wheel. The stator that excites the spinning rotor hub assembly takes the form of an annular laminated steel core mounted inside the hub. Stator windings are mounted in stator core slots and these windings are excited by an inverter in the early prototype units that is designed to fit inside and adjacent to the annular stator core. In this configuration, the drive electronics has to be sufficiently rugged to survive the hostile environment inside the wheel hub, including very high g-forces, both high and low temperature extremes, as well as exposure to the high levels of dirt, water, and vibration that define typical road conditions [18] .
The in-wheel traction drive architecture offers vehicle designers a combination of both intriguing performance opportunities and challenges that continue to draw attention and debate in the automotive engineering community, but no consensus. While it is uncertain whether the Protean inwheel traction drives will achieve commercial success, the ambitious nature of their IMD-based design helps to inspire and challenge traction drive designers about the technical feasibility of this approach and the problems that remain to be fully addressed.
C. Integrated Traction Motor Drives
There is growing evidence that automotive traction drive suppliers are taking the integrated motor drive more seriously in their future product plans. An example is the SIVETEC line of traction drive products developed by Siemens. In 2014 the SIVETEC MSA 3300 integrated motor drive was announced with a power rating of 60 kW. Two views of this IMD are provided in Fig. 13 , showing the unit both with and without a metal cover over the drive electronics. Comparing this IMD with the earlier examples of merged powertrain hardware and controller units already in production (Figs. 9(b) and 10), some differences are apparent in their appearances: 1) the size of the drive electronics compared to the machine it excites has been reduced noticeably in the newer MSA 3300 unit compared to the Ford and Nissan units; and 2) the extent of the physical integration of the power electronics with the machine is tighter in the MSA 3300 unit.
In addition to these differences that are externally visible, the power electronics in the MSA 3300 is built using power modules in which the power semiconductors are sintered rather than soldered, and wire bonds are replaced with planar interconnect technology [20] . Both of these changes are important steps in the direction of further ruggedizing the power electronics to improve its reliability in more demanding thermal and vibration environments that are typical of IMDs.
Available information from Siemens indicates that their SIVETEC integrated motor drive technology is available using either PM synchronous or induction machines with drive ratings up to 200 kW. This IMD technology has been adopted for use in two of Volvo's vehicles: the XC90 T8 plugin hybrid sport-utility vehicle, and the C30 battery-electric hatchback vehicle. Neither of these vehicles are in largescale production as of this writing. Despite the uncertainty about the future production plans for these motor drives, the SIVETEC MSA 3300 represents a significant milestone in the development of integrated motor drive technology for electrified vehicle powertrain applications.
Iv. future vIsIon And technIcAl chAllenges
A. Long-Term Vision for Integrated Motor Drives
The review of key milestones in the development of integrated motor drives presented in the preceding two sections has highlighted the impressive progress that has been made during the past 60 years toward increasing the degree of physical integration of electric machines and their drive electronics. The IMD examples that have been highlighted also demonstrate the major positive impact that this technology is already having on a wide variety of applications that range from hand dryers to electric vehicles. For engineers and technologists working in this field, this look backwards in time serves as inspiration for looking forward and asking where IMD technology and commercial development are going next, what future IMDs will look like, and what performance they will be capable of delivering compared to today's IMDs. In other words, is it possible to define a coherent future vision for integrated motor drives that can be used to guide future research and development efforts in this field?
Having viewed the landscape of progress achieved during past generations of IMDs leading up to the present, the highest level of long-term vision defining the expected external appearance and functionality of future integrated motor drives becomes rather apparent. In some sense, this vision is anti-climactic since it predicts that future IMDs will look like the motors of today; without any visible motor drive because it has been absorbed into the motor enclosure (Fig.  14) . That is, the vision depends critically on the expected continuation of existing trends towards shrinkage of the volume and mass of the drive electronics. Taken to its conclusion, this trend leads to the complete embedding of the drive electronics inside the machine's enclosure without the need for any increases in the key dimensions of the enclosure. As a result, future IMDs will look like today's motors, with the drive electronics hidden from view somewhere inside the motor enclosure. The exact location of the integrated drive electronics is yet to be determined; it could be in the space currently occupied by the conventional machine's terminal box as suggested in Fig. 14 , but it could be in other parts of the machine such as the end bells or stator frame.
The appeal of this future IMD vision is that the key external dimensions, mass, and volume of the motor will change very little from today's motors, but the performance and functionality of the motor will be critically transformed with speed, torque, and/or rotor position control conveniently available at the fingertips (literally) of the users. As indicated in Fig. 14 , all of the communications between the user and IMD controls will be accomplished either wirelessly or via the power lines in order to avoid the need for any new signal-level control wiring between the user and the IMD. The user will be able to issue commands and monitor perfor- mance (including diagnostics) using either a control console, a desktop computer, or a smart phone to provide maximum flexibility.
As the drive electronics progressively "disappears" inside the motor enclosure over time and these IMDs become more widely adopted as the baseline norm in many applications, casual users of these "smart" motors will become increasingly unaware of even the existence of the drive electronics. This is the typical and expected fate of any truly embedded technology that becomes so widely adopted yet invisible that, ironically, it becomes increasingly taken for granted by IMD purchasers and users. It will mark one of the ultimate successes of IMD technology when that happens.
B. Key Technical Challenges
Having defined the ambitious long-term vision for integrated motor drives in the preceding section, the next logical step for IMD developers and technologists is to identify the key technical challenges that must be overcome in order to achieve this vision. Here again, consideration of the past history of IMD development milestones presented in Section II and III is instructive for sharpening the focus on the most significant technology barriers that are obstructing future progress. The key technical challenges that emerge from this review, not necessarily in prioritized order which is heavily influenced by application details, are:
• Reductions in power electronics cost: Broad adoption of IMD technology in commercial, industrial, residential, and transportation applications depends on advances in power electronics technology that will lead to major cost reductions for integrated power electronics. Materials, manufacturing processes, standardization, and modularization are all expected to be major factors in accomplishing these cost reductions.
• Overcoming maximum temperature limitations of power electronics: Technology must emerge that will make it possible for power electronics to withstand the dual thermal threats imposed by placing the power electronics in close proximity to electric machines that can typically operate with hot spot temperatures of 180 °C or higher, while simultaneously packaging the power For IMDs to achieve their full potential, the integrated power electronics must be able to achieve reliability levels that match or exceed that of the electric machine in which it is embedded, despite the hostile environment it experiences. Two of the most demanding aspects of this environment are highlighted here: o Large repeated temperature excursions: The power electronics must be able to withstand very high numbers of large temperature excursions that create tremendous stresses at the interfaces between materials with different thermal expansion coefficients in the power semiconductor modules and other critical electrical connection nodes in the power electronics. o High vibration: In addition, the power electronics must be able to tolerate long periods of exposure to mechanical vibration caused by the motor and its connected load. Here again, the risks of vibration exposure and damage will tend to be aggravated by embedding the power electronics inside the machine enclosure unless aggressive steps are taken to ruggedize the power electronics as well as to develop vibration absorbers that significantly attenuate the vibration it experiences. The following section of this paper highlights promising technology developments in different components and subassemblies of the IMD and its drive electronics that raise hope for successfully addressing these technical challenges.
v. Imd technology developments
A. Wide-Bandgap Power Semiconductors
One of the most far-reaching and promising technologies now under development in the field of power electronics is Wireless Control wide bandgap power semiconductors using either silicon carbide (SiC) or gallium nitride (GaN) in place of silicon. Although the impact of WBG power semiconductor technology will not be equally significant in all application areas, it holds potential to be a game-changer that will heavily influence the future of integrated motor drives for reasons discussed below.
1) SiC and GaN vs. Silicon Characteristics
While the idea of replacing silicon with silicon carbide in power electronics dates back to the 1950s, commercial development of WBG power semiconductors did not gain significant momentum until the 1990s [21] . Key motivations for using WBG materials instead of conventional silicon in power semiconductors are opportunities for significant advantages in the areas of operating temperature, efficiency, and switching frequencies. There are a number of review papers available comparing the device-level [ As a result of their higher energy bandgap, the WBG devices can have lower leakage current at elevated temperatures, helping to raise the temperature limit of devices made with these materials. The higher breakdown electric field means that WBG devices can be designed to have much thinner drift layers and/or higher doping concentration than silicon devices. Consequently, WBG devices can have much lower on-state resistance than silicon devices with the same voltage ratings. Theoretically, the on-resistance of SiC devices can be 300x less than Si devices with the same voltage rating [27] . TABLE I also shows that 4H-SiC has almost 3 times higher thermal conductivity than Si, which is very beneficial for dissipating heat, making it possible to simplify the thermal management requirements.
Entries in TABLE I also show that the thermal conductivity of GaN on Si substrate is more than 3x lower than that of 4H-SiC. This ratio is so high because it is currently difficult to form high-quality defect-free GaN layers, and these defects result in the reduction of thermal conductivity [28] . Several combined factors enable faster switching of WBG devices including higher saturated electron drift velocity and smaller drift distance for the same blocking voltages. Due to the faster rise and fall times, the switching loss of WBG devices is lower than that of Si power switches, making much higher switching frequencies possible in most cases. Moreover, due to smaller chip dimensions of WBG devices, the gate-to-source capacitance is much smaller than for Si devices, enabling further improvements in the switching frequency [29] [30] . The implications of this higher switching frequency on power converter performance are discussed in the next sub-section.
2) Impact of Higher Switching Frequency on Power Converter Mass and Volume
In addition to the size reduction of the WBG devices themselves, implementation of these switches in power converters that can operate at much faster switching frequencies opens opportunities for significant size and mass reduction of the resulting power converters, one of the major objectives for future IMD technology. Illustrating this principle, Fig. 15 shows that the volume of an inverter output LC filter can be reduced by more than 2:1 when SiC power switches are used to increase the switching frequency from 20 to 50 kHz [24] . A project supported by the US Department of Energy demonstrated the potential for achieving high power density and efficiency metrics using SiC and GaN power semiconductors, although the focus of that particular project was not on high PWM switching frequencies [31] [32] . Mitsubishi Electric has announced development of a SiC-based prototype EV traction drive that achieves a power density of 86 kVA/L for a two-motor hybrid EV, more than 5 times the power density for comparable Si-based power converters now in production [33] . Although promising, few technical details are available at this time that explain how this was achieved.
Achieving such dramatic size reductions via switching LC filter for 20 kHz LC filter for 50 kHz frequency increases with a complete power converter is not a simple task. More specifically, the mass/volume reduction of passive components is not a simple inverse-linear relationship with switching frequency when all factors are considered. The dc-link capacitor in a voltage-source inverter (VSI) is a good example. Based only on a capacitance calculation, the required capacitance mass and volume decreases inversely with the frequency (i.e., 1/f). However, in practice, the capacitor's rms current requirements eventually dominate the sizing of these capacitors, changing the results significantly.
As shown in Fig. 16 [28] , when the switching frequency is raised higher than a threshold frequency value, the capacitor volume no longer reduces because meeting the rms current requirement prevents it. The curves for three types of capacitors shown in Fig. 16 reveal that this threshold frequency value is lowest for electrolytic capacitors, and significantly higher for both film and ceramic capacitors, reflecting differences in their current-handling capabilities. As discussed later in Section V.C, efforts to achieve major size and volume reductions using WBG switches can benefit significantly from consideration of alternative power converter topologies.
3) Impact of Higher Junction Temperatures on Power Converter Mass and Volume
As noted earlier in this section, WBG devices can operate at much higher junction temperatures than silicon devices. Complementing this feature is the fact that WBG power switches (particularly SiC at the time) exhibit only modest increases in on-state resistance and switching losses as the temperature rises. As a result, the total losses of SiC devices devices are relatively insensitive to temperature increases. These appealing features open opportunities to reduce the thermal management requirements for the power converter if all of the other converter components can be designed to tolerate higher temperatures.
Past studies including both simulation and experiment have demonstrated that SiC power switches make it possible to reduce the mass of cooling systems for an EV drivetrain [34] . The thermal management systems in production hybrid EVs using conventional silicon-based power converter now often employ two cooling loops, one for the internal combustion engine with 105 °C coolant, and a second loop with a lower temperature coolant at 80 °C. Due to the high temperature capability of SiC, it becomes technically feasible to eliminate this lower temperature cooling loop, resulting in a significant volume reduction for the inverter combined with its thermal management system [35] . A separate study for the powertrain of a battery EV using SiC indicates that, with the same thermal management conditions, SiC power modules can achieve current densities that are 2.5x higher than for Si-based power modules [36] . Another study also predicts that a dc/dc power converter (3 to 10 kW) in an EV powertrain can achieve 25% reductions in both volume and mass and eliminate the need for fan cooling by using SiC power devices instead of conventional silicon semiconductors [37] .
Other studies have focused more directly on the opportunities provided by WBG power devices to reduce the mass and volume of the heatsinks by using WBG devices. For example, researchers calculated that the required heat sink for a SiC-based power converter only requires a thermal resistance value of 0.11 K/W, making it possible to use either natural or forced-air convection [38] . In comparison, the heatsink for a Si-based converter with the same power rating requires a much lower thermal impedance of 0.0035 K/W, a value > 30x lower than for the SiC power converter that demands a liquid-cooled heat sink.
As noted earlier in this discussion, the full value of operation with higher junction temperatures offered by WBG power devices cannot be realized unless all of the other electronics, including the device package in which the WBG die is mounted, is designed to operate reliably in higher-temperature environments than they can today. There is a community of researchers in industry and academia who have demonstrated that it is possible to build motor drive inverters using SiC power switches that can operate for extended times with junction temperatures that approach or exceed 200 °C [39] . However, the commercial availability of the necessary components to manufacture high-temperature power converters at sufficiently low cost for high-volume consumer applications is highly limited. This topic will receive more attention later in this paper.
B. Integrated Modular Motor Drive (IMMD)
The heart of the future IMD vision presented in Section IV.A lies with the integration of the drive electronics inside the motor enclosure, referred to in this section as an embedded IMD. Although there are very few commercial IMDs that have adopted such an ambitious approach, there are some researchers who have explored this IMD architecture. For example, a prototype version of an induction motor drive with a matrix converter built into the machine's end bell has been reported [40] . Nevertheless, the literature associated with this aggressive class of embedded IMDs is quite limited. This section presents a summarized discussion of a particular embedded IMD concept known as the Integrated Modular Motor Drive (IMMD) [41] that illustrates some of the specific technical challenges as well as progress that has been made during recent years towards realization of key Fig. 16 . Calculated plots of VSI dc-link capacitor volume vs. switching frequency for three types of capacitors [28] . 
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1) Basic IMMD Concept
The Integrated Modular Motor Drive is a concept that was first conceived in 2004 to simultaneously address technical issues associated with the embedded IMD architecture as well as modularization of the machine's stator and inverter. As illustrated in Fig. 17 , the IMMD divides both the power converter and the machine stator into individual phase segments. An individual stator core arc segment with its concentrated winding is physically integrated with a single-phase inverter module and its own dedicated controller to form an integrated pole-drive unit. A number of these identical pole-drive units (equal to the number of concentrated stator windings in the machine) are then interlocked and interconnected to form an annular stator assembly that comprises both the IMD's machine stator assembly and the motor drive inverter.
The modularity of this IMMD architecture was introduced with the dual objectives of improving its manufacturability as well as its potential for achieving high fault tolerance [41] . Although these features raise their own set of challenging technical issues, they are not the focus of this discussion. Instead, attention is focused on progress made towards miniaturizing the size of the power converter in order to make it compatible with being embedded inside the machine enclosure. This is accomplished by highlighting the progress that has been made in this direction during two successive generations of prototype IMMD units. More information about preceding technical work on the IMMD concept that set the stage for the two prototype units highlighted in this paper is available in the literature [42] - [45] .
2) Second Generation IMMD with Silicon-Based Power Electronics (2014)
Work on developing this prototype IMMD began with a systematic evaluation of machine topologies suitable for a compact IMMD with high power density and efficiency [44] . This investigation determined that a 6-phase, 10-pole PM machine topology was the best candidate for this project. A complete IMMD demonstrator unit shown in Fig. 18(c) consisting of a modular 6-phase, 10-pole, 10 kW(continuous) surface PM machine with six modular pole-drive electronics modules was designed, constructed, and tested, as shown in Fig. 18(a) [46] [47] . This was the first IMMD prototype unit that included a dedicated controller in each module.
The IMMD was designed to deliver a maximum peak power of 18 kW. Each pole-drive unit incorporates a halfbridge inverter phase-leg operating from a nominal 325 Vdc bus using two discrete 600 V IGBTs in TO-247 packages as shown in Fig. 18(b) . In addition to the two IGBTs, the power stage includes an RTC temperature sensor, gate connections, and a mounting terminal for the machine phase busbar. Cooling for each phase-leg module is accomplished using an off-the-shelf copper pin-fin waterblock designed for graphics card cooling. As shown in Fig 18(c) , the power module is mounted in direct contact with the waterblock to minimize the thermal resistance. High-bandwidth (~10 kHz) current sensing is provided by a linear Hall effect sensor mounted to the bottom of the control board as indicated in this same side-view image.
3) Third Generation IMMD with GaN-Based Power Electronics (2016)
The third-generation IMMD prototype units takes advantage of the benefits that GaN power devices provide for reducing the inverter mass and volume including higher switching frequency and lower conduction losses [28] [48] . Like the 2 nd generation IMMD discussed above, this proto- type IMMD unit also uses a 6-phase ac machine, although in this case it is an induction machine. Another difference between the two generations is that the 3 rd generation configures the 6 pole-drive units into two 3-phase full-bridge inverters that are in series, rather than in parallel ( Fig.  19(a) ). This makes it possible to use GaN devices with lower voltage ratings, which reduces the device's on-state resistance and conduction losses. This lower bus voltage for each 3-phase inverter also makes it easier to use small film or ceramic capacitors instead of electrolytic units. This is important since the commonly-used electrolytic capacitors often take up more than 30% of the conventional inverter's total volume, making it a limiting factor for increasing the IMMD's power density. Increasing the PWM switching frequency from 20 kHz in the 2 nd generation IMMD to 100 kHz in the 3 rd generation unit also plays a valuable role in shrinking the size of the power electronics.
Since the power rating of the induction machine for the 3 rd generation IMMD prototype unit is only 1.2 kW, much lower than the 10 kW rating of the 2 nd generation PM machine, it is difficult to make direct quantitative comparisons between the two units. However, Fig. 19(b) provide some helpful insight into the size reduction benefits provided by the change from silicon to GaN power switches. This figure compare the size of a preliminary version of the inverter using Si MOSFETs in a 3-phase inverter module switching at 10 kHz to the final version of the 3-phase inverter consisting of 3 single-phase modules using GaN devices switching at 100 kHz ( Fig.  19(b) ). The significant reduction in the inverter area is very apparent.
Two views of the assembled 3 rd generation IMMD prototype unit are provided in Fig. 20 . The front view in Fig.  20(a) shows the two 3-phase inverters on the left-and rightsides of the endplate, and the drive controller is mounted in the top quadrant. The 12 GaN switches are mounted in thermal contact with the outer surface of the aluminum endbell which is sufficient to serve as the inverter's heatsink without forced-air cooling. The side view of the IMMD unit provided in Fig. 20(b) shows that the thickness of the IMMD drive electronics is only 1.3 cm. Although this drive electronics unit is mounted on the external surface of the motor's end bell for convenient viewing without disassembly, the drive electronics has been sufficiently miniaturized to be compatible with embedding inside the motor end bell cavity without requiring any changes in the housing dimensions. As a result, comparison of the 2 nd and 3 rd generation IMMD prototype units provides convincing evidence of the positive impact of well-designed WBG-based drive electronics on the prospects for achieving embedded drive electronics in future IMDs.
C. WBG-Enabled Current-Source Inverters
As discussed in Section V.A, new WBG power semiconductors fabricated using both silicon carbide (SiC) and gallium nitride (GaN) are becoming available that can switch more than 10 times faster than their silicon-based counterparts. There are high hopes in the research community that these new WBG power switches will ultimately deliver major benefits to applications such as IMDs that desperately need breakthroughs that will lead to smaller, lighter, and more efficient power electronics.
However, when attempts are made to use these WBG devices as drop-in replacements for silicon-IGBTs in conventional voltage-source inverter (VSI) machine drive inverters with PWM switching frequencies of 100 kHz or higher, vexing problems caused by their much higher dv/dt values have emerged, including machine terminal over-voltages and significantly elevated EMI levels [49] - [51] . There are also growing indications that such fast dv/dt values can lead to dynamic interations between the drive, connecting cables and the motor load that results in noticeable reduction in efficiency [52] . These problems are sufficiently difficult to solve that they have triggered interest in exploring whether other inverter topologies might offer natural advantages over VSIs when WBG power switches are introduced.
One class of inverter topologies that deserves special attention as a WBG-friendly alternative to the familiar VSI inverter is the PWM current-source inverter (CSI). The PWM-CSI topology has received some past attention from researchers [53] , but the topology has been largely ignored by industry because it is not easily compatible with silicon-based power switches. The basic power circuits of both VSI and CSI topologies are provided in Fig. 21 for easy comparison. The replacement of the dc-link capacitor in the VSI with a dc link inductor is one of the three biggest differences. Secondly, the CSI needs filter capacitors at the invert- er output terminals to make the basic CSI compatible with inductive loads, a feature of most motors. Finally, the presence of the anti-parallel diodes in the VSI and their absence in the CSI reflects the fact that the CSI needs power switches that can block reverse voltages, unlike the VSI. Fortunately, WBG power switches offer some interesting possibilities for realizing reverse-blocking switches that are not easily achieved with silicon-based IGBTs or MOSFETs [54] - [56] . Unfortunately, space in this paper does not permit a full discussion of the potential advantages offered by the CSI inverter topology over the VSI when WBG power switches are introduced. However, some valuable insights into the nature of these advantages can be gained by comparing the terminal voltage waveforms delivered at the output terminals of the two types of inverters. Fig. 22 shows simulated terminal voltage waveforms for a VSI and CSI when the WBG power devices are switching at 200 kHz, more than 10 times the typical PWM switching frequency for silicon power switches. The VSI output voltage waveforms swings between the positive and negative bus voltages at the PWM switching frequency, while the corresponding output waveforms for the CSI are much smoother because of the presence of the output filter capacitors acting together with the dc link bus inductor to filter out much of the harmonic content. Adopting a high PWM switching frequency of 100 kHz or higher plays a key role in reducing the mass and volume of the dc link inductor and the output filter capacitors which are in value ranges that make ceramic capacitor excellent choices.
The sinusoidal output voltage waveforms delivered by the CSI pose much less risk of generating dangerous over-voltages at the motor terminals or unacceptable common-mode EMI levels compared to the harmonic-rich VSI output voltage waveforms. While it is true that the VSI voltage waveforms with their incredibly fast voltage transition would be far less problematic if a 3-phase LC filter is added to the inverters output terminals [49] [57], the need to add a filter inductor in each phase in addition to the filter capacitances puts the VSI at a mass and volume disadvantage compared to the CSI when the filters are added to the VSI.
In addition to the attractive features noted above in the areas of mass, volume, EMI, resonant over-voltages, and efficiency, there are two more potential advantages for future IMD designs that are worth noting. First, the CSI is an excellent candidate for high-temperature operation compared a VSI. More specifically, the major passive components in the CSI are the dc link inductor and the ceramic capacitors used for the output filter capacitors, both of which are compatible with operation at temperatures >200 °C. In contrast, the dc link capacitor in the VSI is typically implemented using either electrolytic or film capacitors which are limited to maximum temperatures of 125 °C and 170 °C, respectively. The second notable advantage of the CSI when used with a PM synchronous machine is that the absence of anti-parallel diodes across the inverter switches makes the CSI motor drive less vulnerable to highly dangerous short-circuit faults in one of the inverter switches, increasing its fault tolerance [58] .
It is acknowledged that preceding discussion in this section has relied on brief qualitative arguments without quantitative evidence that is being provided in other technical papers, some of which are already published [59] and others that are in preparation. However, the key larger point being made is that treating WBG switches as drop-in replacements for silicon IGBTs or MOSFETs may not yield the best solution when there are good reasons to significantly raise the switching frequency or operating temperature. Applying these radically new WBG switches with terminal characteristics that are significantly different from those of the current generation of silicon switches calls for a serious re-evaluation of the most compatible power converter topologies to take full advantage of these new switch features and characteristics, and the CSI is just one example. If successful, future IMD designs will benefit significantly from the advantages made possible by using WBG switches in the most suibtable converter topologies.
D. Drive Electronics Technology Advances and Future Directions
As important as the emerging WBG power device technology may be to achieve the long-term future vision of integrated motor drives, there is an equally urgent need for technology breakthroughs in many other aspects of the drive electronics in order to achieve the demanding objectives for power density and reliability/robustness in hostile thermal and vibration environments at an affordable cost. This section is devoted to providing a brief summary of some promising new technology developments that have been reported as well as remaining unmet needs. This discussion is broken into two major topics. The first topic addresses new technologies that primarily influence the long-term reliability and robustness of the IMD's drive electronics, and the second 
1) Power Electronics Reliability/Robustness Technologies
Advanced Power Semiconductor Packaging: When working to take advantage of the extremely high switching frequencies and high junction operating temperatures of WBG power devices, it quickly becomes apparent that these advantages lose nearly all of their value unless the power semiconductor packages used to mount the WBG die and the associated power module packaging are completely compatible with these features. Unfortunately, the large majority of power device and module packages widely used today for silicon power devices are painfully deficient for use with WBG devices intended for use at either high switching frequencies (>100 kHz) or high junction temperatures (> 175 °C).
Focusing first on the issue of high-temperature operation and the related issue of thermal cycling with large temperature differences, there are a significant number of promising technologies that are either in development or already being introduced into the marketplace. Considering the typical power module cross-section layout illustrated in Fig. 23 , the new technologies can be divided among those associated with making electrical connections to the die, and a second category associated with mounting the die on the substrate. TABLE II, which is not exhaustive, identifies a number of the new technologies that are designed to increase the power device's ability to operate at higher temperatures and withstand high thermal cycling.
Recognizing the fatigue limitations of conventional wire bonds for electrical connections on the top-side of the power device die, there has been significant research and market introductions of alternative technologies that eliminate the wire bonds, often in favor of planar interconnect techniques. For example, the SKiN connection introduced by Semikron in 2011 offers a large thermal cycling reliability improvement compared to conventional wire-bond connections [66] .
To minimize mechanical fatigue during high thermal cycling, sintered silver can be used as the die attach method in order to take advantage of its ability to absorb the repeated mechanical stresses associated with mismatches in the Coefficient of Thermal Expansion (CTE) between the die and substrate materials [60] . Some other materials (e.g., MoCu and AlSiC) offer a relatively close CTE match with SiC which helps to achieve more reliable die attachment. Another approach for improving the fatigue life of the die attach technique is based on modifying the die's geometric structure to provide better mechanical strength. As shown in [61] , a die with stepped edges combined with a Al2O3 ceramic substrate exhibits more than 40x the thermal life cycle capability of normal die attachment to AIN direct-bond copper (DBC) substrates.
High-Temperature Passive Components and Controllers: In addition to improving the power module's high-temperature operation capabilities, other components of the IMD drive electronics including passive devices (capacitors and inductors) and control electronics also determine the maximum temperature limits of the unit.
Currently, high-temperature electronic components for motor drives is a niche market for special applications such as down-hole drilling and aerospace that demand it and can afford the significant cost premium. However, there is increasing interest in attaining higher-temperature operation for motor drives in other fields with larger markets such as automotive accessories and EV traction drives because of opportunities to save money by reducing/simplifying the cooling requirements [71] . New types of film capacitors are Fig. 24 . Toyota EV traction inverter with double-sided cooling of power modules [79] used in Prius models. [73] and glass [74] have been reported in the literature that can operate at temperatures greater than 250 °C and 200 °C, respectively. Inductor cores using powder as the core material are available that permit safe operation at temperatures up to 200 °C. In addition to these passive components, integrated circuit technology is available that is compatible with high-temperature operation. For example, micro-controllers are already commercially available (albeit at a significant cost premium) with temperature ratings as high as 150 °C [75] . Turning attention back to the power electronics, researchers have successfully demonstrated high-temperature operation of a silicon-on-insulator-based gate drive operating in an ambient temperature as high as 200 °C [39] .
Advanced Thermal Management: Taking advantage of continue advancement in additive manufacturing (3D printing) technology, complex shapes that are difficult or impossible to manufacture using traditional methods can be easily manufactured in a quick and cost-effective manner. For example, researchers at the UW-Madison [76] and Toyota [77] have demonstrated that they are able to build heatsinks with significantly higher thermal efficiency for both air and liquid cooling using additive manufacturing technology.
In addition to heatsinks, there has been effort to improve thermal dissipation by optimizing the thermal interface between the power devices and the heatsink. For example, there have been major research programs around the world working on reducing or eliminating the need for thermal interface materials that are designed to improve the thermal coupling between a power module's baseplate and the heatsink. One of the approaches that is already being used extensively by automotive manufacturers of EV inverters is direct substrate cooling technology [78] .
In addition, Toyota was the first automotive manufacturer to introduce double-sided cooling of the power modules in the EV traction inverter for their 2008 Lexus hybrid LS600h model, and it more recently has been adopted for their hybrid Prius models (Fig. 24) [79] . Fig. 25 provides a visual summary of thermal cooling technologies adopted by various automotive manufacturers and suppliers during the past decade [80] . Other cooling methods under development for electronic assemblies with high thermal flux values include single-phase cooling, two-phase cooling, jet impingement and spray cooling, and thermoelectric cooling [81] .
2) Advanced Power Converter Integration and Manufacturing Technologies
Conformal Power Electronics: As stated in Section IV.A, the long-term vision for integrated motor drives is to embed the drive electronics inside the motor enclosures. This is quite challenging since today's power electronics is generally predominantly two-dimensional, often using a flat printed circuit board as the skeleton for the power converter's physical design. The limitations imposed by this design and manufacturing paradigm for today's power electronics are quite restrictive when trying to convert this type of assembly into an embedded configuration that fits comfortably inside a motor enclosure with minimal modifications of the enclosure design.
One of the most promising pathways for escaping these limitations is additive manufacturing. An attractive feature of additive manufacturing is that it opens up the third dimension for the power electronic designer. This raises hope that additive manufacturing technology will eventually provide the key to developing drive electronics modules that can be conveniently designed to fit conformally within the contours of motor enclosures, such as inside the end bell assemblies. There are already some early reports of research efforts seeking to apply 3D printing technology to the fabrication of an inverter power stage, as shown in Fig. 26 [82] . However, the results presented to date suggest that this R&D is still in a very early stage, and there is much to be done to take full advantage of the possibilities made available by additive manufacturing technology.
As noted in the preceding discussion about advanced thermal management techniques, thermally-conductive polymers are being developed that can be used in the additive manufacturing process. This is intriguing in the context of future embedded IMD designs because it suggests that there might be clever techniques within reach for using these thermally-conductive structural materials to enhance the transfer of heat from the power electronics into the motor housing where it can be efficiently dissipated. Much more work is necessary to determine whether such concepts will lead to cost-effective approaches for manufacturing embedded power electronics in the future.
Higher Levels of Power Electronics Integration: The electronics for today's motor drives is generally manufactured using a large number of discrete parts that are mounted and interconnected using a printed circuit board. Even the gate drives are often custom-designed for each product using discrete parts, limiting the opportunities to drive down costs by manufacturing very large numbers of standardized commodity assemblies. The idea of power electronics integration is not a new one. For example, concept of Integrated Power Electronics Modules (IPEMs) was introduced in the late 1990s, integrating both active and passive components into compact assemblies [83] . This concept was later extended to higher-power applications using the Power Electronics Building Block (PEBB) concept [84] . Only some features of these approaches have gained wide acceptance by industry to date.
In 2002, International Rectifier introduced fully-integrated Intelligent Power Modules (IPMs) using silicon technology for special motor drive market segments including servo drives that integrated all of the power electronics including the inverter power state, gate drives, and all of the drive control electronics. Although these power modules provided impressive performance capabilities within a single EconoPack2 power module package, they did not succeed in the marketplace because of the economic challenges associated with gaining a sufficiently large production base to drive down the costs.
In summary, a combination of technology and economic hurdles has limited the development of a robust market for integrated motor drive electronics modules. Efforts are now under way to explore the opportunities that planar GaN technology may open for building inverters-on-a-chip using a monolithic integrated power electronics architecture [85] . Here again, time and patience will be required to determine how power electronics integration technology can play a role in driving down the cost of future IMDs with embedded drive electronics.
Power Electronics Modularization for Improved Manufacturability: As noted earlier in this paper when introducing the Integrated Modular Motor Drive (IMMD) technology in Section V.C, one of the motivations for the IMMD concept is to develop phase-drive units that include modularized power converters as a path to simplify manufacturing and drive down production costs. While there is significant evidence that modularization of power converters can work very effectively for static power supplies in applications such as data centers that require very large numbers of identical supplies, the evidence to prove the advantages of modularization in motor drives is much weaker to date. Depending on progress with the two preceding power electronics integration concepts in this section, it may be that drive electronics modularization will play a more important role in the future, but, for now, this topic remains primarily in the research realm.
vI. conclusIons
As indicated by its title, this paper has provided readers a summarized review of the past, present, and future of integrated motor drives. By highlighting key milestones in the history of IMDs stretching back more than 55 years, both the boldly innovative spirit of past generations of engineers who developed these landmark IMDs as well as the consistent progress towards higher levels of drive electronics integration and compactness have been very apparent. Taken together, this history points to a bright future for integrated motor drives as the drive electronics moves closer each year to complete absorption into the motor enclosure.
Of course, this ultimate objective cannot be achieved without multiple technology breakthroughs that will be required to enable such major progress. As discussed in this paper, there is reason for optimism that the necessary technology breakthroughs will appear and mature, leading to fulfillment of the vision of complete physical absorption that was noted above. Rapid development in the critical field of wide bandgap power semiconductors will be one of the most important technology contributors to achieving this future vision, but certainly not the only one.
A summary of key observations and conclusions to be drawn from this paper includes the following:
• Integrated motor drive technology has already left an indelible mark on the history of adjustable-speed drives as well as today's commercial motor drive offerings • IMD technology will become significantly more powerful during coming years, culminating eventually in drive electronics that will be completely embedded in motor drive enclosures with little negative impact on the motor's mass or volume.
• Success in achieving this ambitious IMD vision will depend on the availability of future drive electronics that incorporates: o New materials such as wide bandgap semiconductors and carbon nanotubes that will make it possible to significantly reduce the losses in the drive electronics and then remove the heat more effectively. o New integration techniques that will make it possible and inexpensive to manufacture the drive electronics directly into the machine housing, escaping today's limitation that dictate primarily two-dimensional drive electronics. o New concepts for achieving robustness/reliability objectives that will make it possible for all of the components in the drive electronics to operate for extended time periods in hostile thermal and vibration environments, accompanied by advanced diagnostics and fault tolerance.
• The rate of progress towards achieving the long-term IMD vision depends heavily on taking a strongly multi-disciplinary, multi-physics approach to addressing the difficult technical challenges that must be overcome in order to achieve the vision. The last point in this summary represents a serious challenge that calls for action by both industry and academia to nurture a new breed of engineers that is specially educated and trained to attack the most complicated cross-disciplinary technical problems that are retarding the future growth of IMD technology. Despite the tremendous progress that has been accomplished to date, achieving the full potential of integrated motor technology depends on a collective commitment to breaching the barriers between all of the engineering disciplines including electrical, mechanical, and materials in order to reach the ultimate limits of motor/drive integration. The rewards that will accompany success make overcoming these challenges well worth the effort.
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